Background: Current periodontal disease taxonomies have limited utility for predict-
The recently introduced concept of precision medicine offers a new vision for the prevention and treatment of disease, as well as for biomedical research. 1 Along the lines of the "personalized medicine" paradigm, precision medicine entails prevention and treatment strategies that take individual variability into account. 1 A complete account of environmental and innate influences of disease susceptibility is a daunting tasknevertheless, recent advances in the biomedical sciences have made possible the comprehensive characterization of individuals' genomes, transcriptomes, proteomes, and metabolomes, and the superimposition of this "panomics" information with detailed health and disease endpoints. 2 There is promise that "precision dentistry" will emerge from this new wave of systems biology and big data-driven science and practice and will bring about meaningful improvements in the health of individuals and populations. 3, 4 Recent efforts in periodontal medicine have built upon the principles of precision medicine to refine periodontal health and disease classifications and to dissect the biologic basis of disease susceptibility, with the ultimate goal of tailoring or targeting prevention and treatment strategies. 5 Along these lines, the development of a precise stratification system that reflects distinct periodontal disease patterns can serve as the basis for precise risk assessment (at the population level) and estimation of individual susceptibilities (at the person level), with disease progression and tooth loss being the main endpoints of interest. However, current periodontal disease taxonomies have limited utility for predicting disease progression and tooth loss; in fact, tooth loss itself can undermine precise person-level periodontal disease classifications.
To date, periodontal disease risk assessment tools have used clinical measurements and known risk factors to predict tooth loss or periodontal disease progression with the goal of establishing more specific prognoses and to optimize treatment choices. [6] [7] [8] [9] [10] [11] Although some prediction models incorporate well-established risk factors, such as smoking history, diabetes, age, race, and sex, there are currently no validated risk assessment tools utilizing clinical parameters including tooth-specific patterns. Most models utilize subject-level summary variables of clinical parameters, such as mean or extent scores for various signs of disease including plaque scores, gingival indices, probing depths, and clinical attachment levels, that reflect subject-level disease and are not always linked to tooth type or tooth loss patterns. Most prediction models do not explicitly classify missing teeth, which can be lost for a variety of reasons, and are not informed by existing tooth loss patterns when considering risk of natural disease progression, which has important prognostic value. 12 Individual tooth-specific measures of crown-to-root ratios, mobility, tooth position, and other factors can be used to improve estimates of individual tooth-level prognoses, but irrespective of the model, the final estimates of risk are qualitative in nature based upon clinical impressions. In sum, no predictive models exist that provide quantitative tooth-based risk estimates and account for the informative heterogeneity in clinical presentation by patterns of tooth loss. These elements are critical in the realm of precision dentistry, and they are necessary for informing personalized periodontal, restorative, and prosthodontics plans of care.
To overcome these limitations, our group recently developed a novel periodontitis stratification system, University of North Carolina-Periodontal Profile Class (UNC-PPC), based on latent class analyses of clinical parameters, including patterns of missing teeth. In a previous publication, we demonstrated how multiple clinical characteristics can be used to identify and stratify clinically distinct periodontal and tooth profile classes that incorporate these tooth loss patterns. 13 The aim of the present investigation was to determine the clinical utility of the UNC-PPC taxonomy for risk assessment and "precision periodontal medicine," specifically, for predicting periodontal disease progression and incident tooth loss.
MATERIALS AND METHODS

Study populations
The analytic sample comprised 4,682 adult participants of two prospective cohort studies (Dental Atherosclerosis Risk in Communities Study [DARIC] and Piedmont Dental Study [PDS] ) with information on periodontal disease progression and incident tooth loss. All participants provided written informed consent to a protocol that was reviewed and approved by the Institutional Review Board on research involving human subjects at the University of North Carolina and/or at each study performance site.
The DARIC sample was recruited from the ARIC population study and included dentate participants who did not have contraindications for periodontal probing. 14 The entire DARIC study comprised 6,793 dentate individuals living in four United States communities who received a baseline dental and periodontal examination between 1996 and 1998. In 2012 to 2013, DARIC participants were asked via follow-up calls to assess their tooth loss in the previous 10 years ("Have you lost any teeth in the past ten years?"). Their answers were categorized as none, one or two, three or more, and don't know. 15 The PDS was based on a stratified, random, clustered sample of all people aged ≥65 years in the five adjacent counties in the Piedmont area of North Carolina. 16 The longitudinal study began in 1988 with a random subsample of 697 dentate individuals. Additional study design and population characteristics are described in detail in previous publications. 17,18
Calculation of index of periodontal classes (IPC) as risk score
We used the DARIC 10-year tooth loss data to compute the risk of tooth loss for each tooth profile class (TPC) within each periodontal profile class (PPC) assignment. A composite risk score for each individual was then calculated based on tooth loss risks; this continuous score (ranging theoretically between 0 and 100) is referred to as the Index of Periodontal Risk (IPR). The analytic approach used to calculate IPR was based on a 7 × 7 table (PPC × TPC) of predicted probabilities for 10-year tooth loss. First, each participant was assigned to one of the seven PPCs; then, each tooth was classified to one of the seven TPCs. The IPR was calculated as the mean predicted probability for 10-year tooth loss across all teeth present for each individual. The development of the IPR included traditional risk factors for periodontal disease, such as age, sex, race, diabetes, and smoking status. We used information from the DARIC dataset to develop an IPR adjustment score for each of these traditional risk factors. Later, we validated IPR using the longitudinal PDS dataset.
Statistical analyses
Logistic regression models adjusting for examination center, race, sex, age, diabetes, and smoking were used to quantify the association of the seven PPCs and the seven TPCs with tooth loss (DARIC and PDS datasets) and periodontitis progression (PDS dataset) by obtaining corresponding relative risk (RR) estimates and 95% confidence intervals (CI). Generalized lineal model was used to compute RR. Similar models were developed using the Center for Disease Control/American Academy of Periodontology (CDC/AAP) definition of periodontal disease, 19 to allow the contrast of tooth loss and periodontitis estimates of association with the ones obtained from PPC/TPC-based analyses. The PDS estimates for tooth loss and attachment loss data have been weighted to represent the population in the five counties and account for the design effect of the sample. Also, P values were obtained through methods that account for such design effects. 20 Predicted probabilities and 95% CI were computed to estimate the risk for tooth loss across the observed range of IPR scores using the DARIC dataset. Effect estimates (beta coefficients) for race, age, sex, diabetes, and smoking status were also computed in the DARIC dataset. This IPRdeveloped model was subsequently applied to the PDS longitudinal dataset for validation. Predicted probabilities were calculated to estimate the risk for tooth loss, periodontitis progression, and incidence of edentulism in the PDS. Periodontitis progression was defined as ≥10% of sites exhibiting ≥3 mm attachment loss in a 3-year period. To evaluate the sensitivity and specificity of the predicted probability model, a receiver operator curve (ROC) 21 and C-statistic 22 were calculated for each predicted model. IPR thresholds for defining risk categories as IPC low, moderate, and high were identified using the Bayesian Information Criterion (BIC) 23 and confirmed with Classification and Regression Trees (CART). 24 
RESULTS
The demographic and clinical characteristics of the study participants as well the seven PPCs were reported in an earlier publication. 13 There were significant differences between the PPC groups with regard to race, sex, age, diabetes, smoking (history and pack/years), obesity, access to dental care, socioeconomic status, and educational level.
Risk models for tooth loss and periodontal disease progression by periodontal profile class
The DARIC dataset was originally used to derive the PPC classification, 13 and in this study it was used to estimate associations with incident tooth loss and periodontal disease progression (i.e., clinical attachment loss). The PDS dataset was used as an independent validation dataset. Table 1 presents the RR and 95% CI for a person losing ≥three teeth during a 10-year period for the DARIC sample, stratified by PPC assignment and CDC/AAP disease definition. Estimates from both crude and fully adjusted (for race, sex, age, diabetes, and smoking status) models are presented. Individuals assigned to PPC-D and PPC-G had the highest tooth loss risk: RR = 3.8 (95% CI = 2.9 to 5.1) and 3.6 (2.6 to 5.0), respectively. These estimates, derived from the UNC-PPC system demonstrated a stronger association with tooth loss compared with the CDC/AAP severe disease classification (RR = 2.8; 95% CI = 2.0 to 4.0).
Five-year tooth loss risk estimates (≥two and ≥three teeth) are presented in Table 2 . Similarly, Table 2 presents periodontal disease progression (3-year attachment loss of ≥3 mm in ≥10% of sites in the PDS) risk estimates according to the UNC-PPC system and the CDC/AAP definition. Individuals assigned to PPC-D, -E, and -G classes showed the highest risk of losing ≥two teeth, with corresponding estimates of RR = 3.4 (95% CI = 1.8 to 6.6), 3.7 (1.4 to 9.7), and 3.6 (1.7 to 7.4), respectively. As expected, risk estimates for attachment loss were the highest among PPCs associated with disease. For example, for attachment loss, PPC-G had the highest RR at 5.7 (95% CI = 2.2 to 14.7) followed by PPC-D with RR = 4.2 (95% CI = 1.7 to 10.1) and PPC-F with RR = 3.0 (95% CI = 1.1 to 8.0). In contrast, the severe disease CDC/AAP group had RR = 3.8 (95% CI = 1.9 to 7.8). These results highlight the higher risks of attachment loss associated with PPC-D and PPC-G assignment compared with the CDC/AAP severe category, even after adjustments for race, T A B L E 1 Relative risk and 95% confidence intervals for incident loss of ≥three teeth during 10-year period (n = 3,985) among DARIC participants stratified by PPC and CDC/AAP classification sex, age, diabetes, and smoking status. These findings support the utility of the PPC method to identify subjects with elevated disease progression risk in an independent sample (PDS).
Risk models for tooth loss and periodontal disease progression by tooth profile class
Tooth loss and disease progression risk estimates in the PDS sample according to TPC are presented in Table 3 . Evidently, teeth classified under the TPC associated with periodontal disease showed higher risk for loss. TPC-G had the highest tooth loss risk RR = 3.9 (95% CI = 3.4 to 4.7), followed by TPC-F: RR = 2.5 (95% CI = 2.1 to 2.9) and TPC-E: RR = 2.3 (95% CI = 1.9 to 3.0). Attachment loss estimates were significantly higher for TPC-B (recession), TPC-E (interproximal periodontal disease), and TPC-G (severe periodontal disease) compared with TPC-A (health).
Predicted probability of 10-year tooth loss stratified by PPC and TPC
The tooth-level risk scores, which are computed probabilities for 10-year tooth loss (≥three teeth) using the DARIC dataset are shown in Figure 1 as a 7 × 7 
F I G U R E 1 Computed probabilities presented as percentage for 10-year tooth loss (≥three teeth) using the DARIC dataset stratified by Periodontal Profile Classes (PPC) and Tooth Profile Classes (TPC). DARIC, Dental Atherosclerosis in Communities Study
healthy person (TPC-A/PPC-A) had a pooled 4.5% probability of belonging to a person who lost ≥three teeth during 10 years. As expected, healthy teeth (TPC-A) had lower risk than diseased teeth (TPC-G) to be in a person with periodontal disease (PPC-G). Periodontally healthy teeth in a participant with severe disease (TPC-A/PPC-G) had an increased probability to be lost (20.2%). In contrast, a severely diseased tooth in a person with severe disease (TPC-G/PPC-G) had 45.8% probability of being lost ( Figure 1 ). As mentioned earlier, these pooled-risk tooth-level scores stratified by PPC were averaged across teeth. Table 1 in the online Journal of Periodontology provides a numeric adjustment of the IPR score that accounts for the effect of age, race, sex, diabetes, and smoking. Thus, a male 65-year-old subject who is a current smoker will have an IPR score that is increased by eight points, based upon these risk factors (3 + 5 + 0) using estimates described under Methods.
The association of the IPR score and 10-year tooth loss (≥three teeth) in the DARIC dataset is illustrated in Figure 2A . The validation of IPR as a predictor of tooth loss was done using PDS 5-year tooth loss (≥three teeth) data and is shown in Figure 2C . For example, the predicted probability of tooth loss with an IPR of 20, based on the DARIC dataset, is 19%. The observed probability in the PDS dataset for an IPC of 20 was 23%. The predicted probability of disease progression in 3 years and incident edentulism using the PDS dataset appear in Figures 2E and 2G , respectively. Similar to the risk for tooth loss, the IPR score is positively associated with periodontitis progression and edentulism. The C-statistics for all predicted estimates are shown in Figure 2 . The C-statistics for predicted tooth loss for both DARIC and PDS was 0.72 (Figure 2B and 2D ). The C-statistic for attachment loss for the PDS dataset was 0.75 ( Figure 2F) . A detailed presentation of predicted probabilities for tooth loss according to IPR scores can be found in supplementary Table S2 in the online Journal of Periodontology.
Risk models for tooth loss and periodontal disease progression by IPC
Tooth loss and disease progression risk estimates based on classes developed from specific IPR cut-points are presented in Table 4 . Rather than defining these from percentiles (e.g., quartiles) of IPR values, which are distribution-based, we used CART methods 24 to select optimal cut-points to establish three levels or classes of risk for tooth loss: IPC-low (0 to 10), IPC-moderate (11 to 20), and IPC-high (>20). The DARIC dataset demonstrated a significantly higher RR (CI) for tooth loss for both moderate (RR = 2.4, 95% CI = 1.8 to 3.1) and high (RR = 5.6, 95% CI = 3.5 to 5.9) relative to low. Similar estimates were found in the PDS dataset. Using IPClow as a reference, IPC-moderate showed a 200% increased risk (RR = 3.2, 95% CI = 0.8 to 12.1) for tooth loss, while IPC-high had RR = 5.8 (95% CI = 1.6 to 20.7). Estimates of attachment loss of ≥3 mm risk in the PDS dataset were low for IPC-moderate: RR = 0.6 (95% CI = 0.2 to 2.2) and substantially higher for IPC-high: RR = 2.5 (95% CI = 0.9 to 6.5). Attachment loss estimates were not calculated in DARIC because there are no available longitudinal data for attachment loss. Of note, exploratory adjustment for dental caries did not influence the risk estimates obtained for either tooth loss or periodontal disease progression (i.e., attachment loss).
DISCUSSION
The development and application of the IPR, as a means to inform precise periodontal disease risk assessment, prevention, and therapy, is presented. The IPR is based upon the novel patient stratification system for periodontal disease classification, UNC-PPC/TPC, to provide summary estimates for tooth loss risk and periodontitis progression. This study used two independent population-based cohort samples with more than 4,500 participants and demonstrated that the IPR and its derived classes (IPC-low, -moderate, and -severe) offer substantial gains in precise classification and accurate estimation of prospectively assessed disease endpoints, such as tooth loss and disease progression, compared with existing taxonomies of disease. There are several strategic advantages of the proposed UNC-PPC/TPC classification that were previously described by our group. 13 The IPR was generated based on specific PCC/TPC classifications using the DARIC 10-year tooth loss data. For example, Figure 1 shows that a severely disease tooth (TPC-G) has a probability of 6.7% for tooth loss when found in a PPC-A (health) individual. This probability increases to 45.8% in a PPC-G (severe disease) individual. The IPR simply computes a composite probability based upon the individual's PPC category and TPC values determined by the specific clinical status of the teeth present. In this study, we demonstrated the application of the IPR score in a manner that offers quantitative assessments for attachment and tooth-loss risk rather than broadly defined and overlapping categories of prognostic terms, such as good, fair, questionable, unfavorable, poor, or hopeless. A strength of this study is that this risk tool was developed using the DARIC cohort of 3,985 individuals and validated using the PDS longitudinal study (n = 697), representing a total of 4,682 individuals. The validation in the PDS dataset was important because it had a different composition of age, sex, and race. The IPR score also accommodates the well-established risk factors, i.e., smoking, diabetes, age, sex, and race, into the risk models with effect sizes that are comparable to previous publications. 6, 8, 25 Additionally, this method can be extended to make specific risk inferences at the tooth-type level.
In this study, we demonstrate that the UNC-PPC system classification enables a more detailed and precise stratification for risk assessment and clinical outcome prediction than the CDC/AAP classification. Admittedly, the CDC/AAP classification was developed for epidemiologic surveys rather than risk assessment, but it has been widely used for this purpose. The World Workshop classification is based on presence of attachment/bone loss that reflects history of disease, 26 which is relatively insensitive to changes in person-level factors, tooth loss, or disease activity, but these factors are widely used in healthcare settings. The PPC classification system is similarly insensitive to change with time, either in response to treatment or in the natural history of disease. However, treatment or disease progression does influence the TPC values and therefore can modify the IPR score. This characteristic makes the IPR score useful for clinicians as a means for monitoring and illustrating individual patients' disease and specific outcome (e.g., tooth loss) propensity. Once treatment is provided, the IPR score can change as it relates directly to risk for attachment and tooth loss. In our opinion, this is a more valid outcome measure and of greater utility than, for example, changes in mean probing depths and bleeding scores. The utility of the IPR score as a measure of clinical outcomes in response to therapy will be explored and presented in future publications. The IPR score incorporates a large set of tooth-specific periodontal clinical indicators, but it also includes information on tooth-specific coronal and root caries that appear to result in excess risk for tooth loss. Nevertheless, exclusion of caries scores did not change the risk estimates obtained for attachment loss.
In a previous publication, the current authors demonstrated that the Latent Class Analysis (LCA) model grouped individuals into separate clinical phenotypes that would be collapsed (or hidden) under the CDC/AAP classification. 13 For example, 46% of individuals in PPC-D (tooth loss) were classified with moderate periodontal disease (CDC/AAP). The PPC-D class has sites with periodontal disease, but these individuals have also lost about half of their dentition (mean 16.8 teeth present). Nonetheless, here it is demonstrated ( Table 1) that the adjusted relative risk for losing ≥three teeth among individuals in that group was 3.8, more than double compared with the CDC/AAP moderate level of disease category (RR = 1.7). This is an emphatic demonstration of the gains in precise risk assessment that can be achieved by defining periodontal disease classes that accommodate missing teeth.
The PDS included tooth status assessment over time that enabled us to measure rates of tooth loss and periodontitis progression as shown in Tables 2 and 3 . We defined periodontitis progression as a minimum of 10% of sites with ≥3 mm of attachment loss within 3 years. This is a very stringent definition of disease progression. We found that PPC-G (severe disease) had a very high relative risk (RR = 5.7) to experience periodontitis progression compared with periodontally healthy individuals. Also, PPC-D demonstrated a significantly higher adjusted RR for periodontitis progression. Considering that the majority of PPC-D (tooth loss) individuals were classified into the mild/moderate CDC/AAP disease category, 13 a large proportion of individuals would be unable to receive appropriate preventive care due to the underestimation of risk attributed to the CDC/AAP classification. Interestingly, it was found that TPC-C (crown) assignment was protective against attachment loss and had a similar, yet non-significant tooth loss prevention effect (Table 3) . This is likely due to the TPC clustering of these teeth within individuals who had disposable income and were willing to spend it for restorative dental care.
The predicted values for tooth loss based upon the composite IPR score by individuals in the DARIC dataset is closely reproduced in the PDS dataset. The predicted probabilities of attachment loss for the PDS dataset also demonstrate a similar pattern. For attachment and tooth loss the ROC reflected in the C-statistic were > 70%, which is considered strong for a single clinical score. 22 The key to the utility of IPC is based on the incorporation of the longitudinal data in the 7 × 7 table (Figure 1) . The overall precision of the model and the granularity at a tooth level of establishing prognosis could be improved with the addition of more prospective clinical data that could refine the scoring. This method fulfills the requirement of generating a "learning algorithm" that could improve prediction with more data. For example, with more individuals in the dataset, the risk for tooth and attachment loss for a second maxillary molar in a specific PPC class individual could be quantified.
Potential limitations in our study include the mean age of the DARIC and the PDS populations, 62 and 73 years, respectively; thus, the model was developed among older adults. Nevertheless, in a previous publication, it appears that the model performs well among younger populations, as in the two NHANES samples (NHANES 2009 (NHANES -2010 13 A second limitation of the LCA method lies in its "analytic sophistication," in that it requires the application of a statistical algorithm for class assignment rather than simple rules associated with specific periodontal measures. To overcome this shortcoming, the algorithm could be easily and efficiently made available via a web-based application, and then made widely available for analyses and patient class assignment. Regarding individual misclassification, the model demonstrates a relative consistency on correctly assigning individuals into classes even with some clinical parameters completely missing. 13 More importantly, the model assigns individuals to a single, mutually exclusively periodontal profile class. It is important to clarify that the model was based on self-reported tooth loss data from the DARIC dataset. However, the longitudinal PDS dataset was used for model validation and demonstrated consistency in results.
CONCLUSIONS
This study demonstrates the clinical application and utility of the UNC-PPC/TPC system, as well as its derived risk score and risk classes (IPR/IPC), for patient stratification, risk assessment, and personalized outcome propensity estimation. To develop precision dentistry models we need to create large datasets that harmonize clinical, biomarker, and genetic data. This method has clear application for using clinical data to assign an individual to a diagnostic category and assign a person-level risk score. It will also enable the creation of harmonized datasets that have clinical information for precision dentistry model development. This newly developed system, upon additional validation, can inform and improve patient care decisions and outcomes, consistent with the vision of precision periodontal medicine.
